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Foreword 



My first exposure to the unique writing style of Clive (call me “Max”) 
Maxfield was a magazine article that he co-wrote with an associate. The 
article was technically brilliant (he paid me to say that) and very infor- 
mative, but it was the short biography at the end of the piece that I enjoyed 
the most. I say enjoyed the most because, as you will soon learn, Max does 
not necessarily follow the herd or dance to the same drummer as the masses. 
Trade journals have a reputation for being informative and educational but 
also as dry as West Texas real estate. 

Anyway, Max’s personally submitted biography not only included a 
message from his mom, but also made mention of the fact that he (Max) 
is taller than his co-author, who just happened to be his boss at the time. 
Now to some people this may seem irrelevant, but to our readers (and Max’s 
boss), these kind of things — trivial as they may seem to the uninitiated- 
are what helps us to maintain our off-grid sense of the world. Max has 
become, for better or worse, a part of that alternate life experience. 

So now it’s a couple of years later, and Max has asked me to write a 
few words by way of introduction. Personally, I think that the title of this 
tome alone (hmmm, a movie?) should provide some input as to what you 
can expect. But, for those who require a bit more: be forewarned, dear 
reader, you will probably learn far more than you could hope to expect from 
Bebop to the Boolean Boogie, just because of the unique approach Max has 
to technical material. The author will guide you from the basics through 
a minefield of potentially boring theoretical mish-mash, to a Nirvana 
of understanding. You will not suffer that fate familiar to every reader: 
rereading paragraphs over and over wondering what in the world the author 
was trying to say. For a limey, Max shoots amazingly well and from the hip, 
but in a way that will keep you interested and amused. If you are not 
vigilant, you may not only learn something, but you may even enjoy the 
process. The only further advice I can give is to “expect the unexpected.” 

- Pete Waddell, Publisher, Printed Circuit Design 
Literary genius (so says his mom), and taller than Max by Vs" 
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This book is dedicated to my Auntie Barbara, 
whose assiduous scrubbing in my younger years 
has left me the proud owner of the cleanest pair 
of knees in the known universe! 




About this Book 



Note from the author with regard to this second edition. 

I awoke one Saturday morning in July 1992 with the idea that it would 
be "sort of cool" to stroll into a bookshop and see something I'd written 
on the shelves. So with no clue as to what this would actually entail, I 
started penning the first edition of Bebop to the Boolean Boogie, which 
eventually hit the streets in 1995. 

Much to my surprise. Bebop quickly found use at Yale University as part 
of an introductory electronics course (it was subsequently adopted by 
a number of other universities around the world), and it soon became 
required reading for sales and marketing groups at a number of high- 
tech companies in Silicon Valley and across the USA. 

Time passed by (as is its wont), and suddenly it was seven years later 
and we were in a new millennium! Over these last few years, electronics 
and computing technology has progressed in leaps and bounds. For 
example, in 1995, an integrated circuit containing around 14 million 
transistors was considered to be relatively state-of the art. By the 
summer of 2002, however, Intel had announced a test chip containing 
330 million transistors! 

And it's not just improvements to existing technologies, because over 
the last few years entirely new ideas like carbon nanotubes have made 
their appearance on the scene. Therefore, by popular demand. I've 
completely revamped Bebop from cover to cover, revising the nitty- 
gritty details to reflect the latest in technology, and adding a myriad 
of new facts, topics, and nuggets of trivia (see especially the bonus 
Chapter 22 on the CD ROM accompanying the book). Enjoy! 



This outrageously interesting book has two namesakes, Bebop, a jazz style 
known for its fast tempos and agitated rhythms, and Boolean algebra, a branch 
of mathematics that is the mainstay of the electronics designer’s tool chest. 
Bebop to the Boolean Boogie meets the expectations set by both, because it leaps 
from topic to topic with the agility of a mountain goat, and it will become 
your key reference guide to understanding the weird and wonderful world of 
electronics. 





Bebop to the Boolean Boogie provides a wide-ranging but comprehensive 
introduction to the electronics arena, roaming through the fundamental 
concepts, and rampaging through electronic components and the processes 
used to create them. As a bonus, nuggets of trivia are included with which 
you can amaze your family and friends; for example, Greenland Eskimos have 
a base twenty number system because they count using both fingers and toes. 

Section 1 : Fundamental Concepts starts by considering the differences 
between analog and digital views of the world. We then proceed rapidly 
through atomic theory and semiconductor switches to primitive logic functions 
and their electronic implementations. The concepts of alternative numbering 
systems are presented, along with binary arithmetic, Boolean algebra, and 
Karnaugh map representations. Finally, the construction of more complex 
logical functions is considered along with their applications. 

Section 2 : Components and Processes is where we consider the components 
from which electronic systems are formed and the processes required to 
construct them. The construction of integrated circuits is examined in some 
detail, followed by introductions to memory devices, programmable devices, 
and application-specific devices. The discussion continues with hybrids, 
printed circuit boards, and multichip modules. We close with an overview of 
some alternative and future technologies along with a history of where every- 
thing came from. Also, there’s a bonus chapter (Chapter 22), An Illustrated 
History of Electronics and Computing, on the CD-ROM accompanying this 
book, that will answer questions you didn’t even think to ask! 

This book is of particular interest to electronics students. Additionally, by 
clarifying the techno-speech used by engineers, the book is of value to anyone 
who is interested in understanding more about electronics but lacks a strong 
technical background. 

Except where such interpretation is inconsistent with the context, the 
singular shall be deemed to include the plural, the masculine shall be deemed 
to include the feminine, and the spelling (and the punctuation) shall be 
deemed to be correct! 
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Analog 

It was a dark and stormy night . . . 
always wanted to start a book this 
way, and this is as good a time as 
any, but we digress . . . 

Now sit up and pay attention 
because this bit is important. 
Electronic engineers split their 
world into two views called analog 
and digital, and it’s necessary to 
understand the difference between 
these views to make much sense out 
of the rest of this book. 1 

A digital quantity is one that 
can be represented as being in one 
of a finite number of states, such as 
0 and 1, ON and OFF, UP and POWN, 
and so on. As an example of a 
simple digital system, consider a 
light switch in a house. When the 
switch is UP, the light is ON, and 
when the switch is POWN, the light 
is OFF . 2 By comparison, a light 
controlled by a dimmer switch 
provides an example of a simple 
analog system. 



Chapter 

V 

k A 

Versus Digital 



Made famous by the Peanuts 
cartoon character. Snoopy, the 
phrase "It was a dark and stormy 
night . . is actually the opening 
sentence to an 1830 book by the 
British author Edward George 
Bulwer-Lytton. A legend in his 
own lunchtime, Bulwer-Lytton 
became renowned for penning 
exceptionally bad prose, of which 
the opening to his book Paul 
Clifford set the standard for others 
to follow. For your delectation and 
delight, the complete opening 
sentence was: "It was a dark and 
stormy night; the rain fell in torrents — 
except at occasional intervals, when 
it was checked by a violent gust of 
wind which swept up the streets (for 
it is in London that our scene lies), 
rattling along the housetops, and 
fiercely agitating the scanty flame of 
the lamps that struggled against the 
darkness." Where else are you going 
to go to learn nuggets of trivia like 
this? As you can see, this isn't your 
mother's electronics book! 



1 In England, “analog” is spelled “analogue” (and pronounced with a really cool accent). 

2 At least, that’s the way they work in America. It’s the opposite way round in England, and 
you take your chances in the rest of the world. 
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We can illustrate the differences in the way these two systems work by 
means of a graphdike diagram (Figure 1-1). Time is considered to progress from 
left to right, and the solid lines, which engineers often refer to as waveforms, 
indicate what is happening. 



Digital 

Signal 



Analog 
Signal 

In this figure, the digital waveform commences in its OFF state, changes to 
its ON state, and then returns to its OFF state. In the case of the analog wave- 
form, however, we typically don’t think in terms of ON and OFF. Rather, we 
tend to regard things as being more OFF or more ON with an infinite number of 
values between the two extremes. 

One interesting point about digital systems is that 
can have more than two states. For example, 
tsider a fun-loving fool sliding down a ramp 
mounted alongside a staircase (Figure 1-2). 

In order to accurately determine this 
person’s position on the ramp, an indepen- 
dent observer would require the use of a tape 
measure. Alternatively, the observer could 
estimate the ramp-slider’s approximate 
location in relation to the nearest stair. 

The exact position on the ramp, as measured 
using the tape measure, would be considered 
to be an analog value. In this case, the 
analog value most closely represents the real 
world and can be as precise as the measuring 







Figure 1-2. Staircase and ramp 




Figure 1-1. Digital versus analog waveforms 
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technique allows. By comparison, an estimation based on the nearest stair 
would be considered to be a digital value. As was previously noted, a digital 
value is represented as being in one of a finite number of discrete states. These 
states are called quanta (from the Latin neuter of quantus, meaning “how great”) 
and the accuracy, or resolution, of a digital value is dependent on the number 
of quanta employed to represent it. 

Assume that at some starting time we’ll call T 0 (“time zero”), our thrill- 
seeker is balanced at the top of the ramp preparing to take the plunge. He 
commences sliding at time T) and reaches the bottom of the ramp at time T 2 . 
Analog and digital waveforms can be plotted representing the location of the 
person on the ramp as a function of time (Figure 1-3). 

Once again, the horizontal axis in 



both waveforms represents the passage 
of time, which is considered to 
progress from left to right. In the case 
of the analog waveform, the vertical 
axis is used to represent the thrill- 
seeker’s exact location in terms of 
height above the ground, and is 
therefore annotated with real, 
physical units. By comparison, the 
vertical axis for the digital waveform 



Height 

(physical units) 




is annotated with abstract labels, 
which do not have any units associ- 
ated with them. 

To examine the differences be- 
tween analog and digital views in 
more detail, let’s consider a brick 
suspended from a wooden beam by 
a piece of elastic. If the brick is left 
to its own devices, it will eventually 
reach a stable state in which the pull 



Nearest 



Platform 
Step 4 
Step 3 
Step 2 
Step 1 
Ground 




of gravity is balanced by the tension 
in the elastic (Figure 1-4). 



Figure 1-3. Analog and digital waveforms 
showing the position of the person 
sliding down the ramp 
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Wooden beam 



Elastic 



Brick 




Stable position 

(tension in elastic balances pull of gravity) 

Figure 1-4. Brick suspended by elastic 



Height 



Assume that at time T 0 the system is in its 
stable state. The system remains in this state 
until time T t , when an inquisitive passerby 
grabs hold of the brick and pulls it down, 
thereby increasing the tension on the elastic. 
Pulling the brick down takes some time, and 
the brick reaches its lowest point at time T 2 . 

The passerby hangs around for a while 

looking somewhat foolish, releases 
the brick at time T 3 , and there- 
after exits from our story. The 
brick’s resulting motion may 
be illustrated using an analog 
waveform (Figure 1-5). 



Stable Position 




Figure 1-5. Brick on elastic: analog waveform 



Now consider a digital view of the brick’s motion represented by two 
quanta labeled LOW and HIGH. The LOW quanta may be taken to represent any 
height less than or equal to the system’s stable position, and the HIGH quanta 
therefore represents any height greater than the stable position (Figure 1-6). 
(Our original analog waveform is shown as a dotted line.) 

Although it is apparent that the digital view is a subset of the analog view, 
digital representations often provide extremely useful approximations to 
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the real world. If the only requirement in the above example is to determine 
whether the brick is above or below the stable position, then the digital view 
is the most appropriate. 

The accuracy of a digital view can be improved by adding more quanta. 
For example, consider a digital view with five quanta: LOW, LOW-MIDDLE, 
MIDDLE, HIGH-MIDDLE, and HIGH. As the number of quanta increases, 
the digital view more closely approximates the analog view (Figure 1-7). 




Figure 1-7. Brick on elastic: five-quanta digital waveform 
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In the real world, every electronic component behaves in an analog fashion. 
However, these components can be connected together so as to form functions 
whose behavior is amenable to digital approximations. This book concentrates 
on the digital view of electronics, although certain aspects of analog designs 
and the effects associated with them are discussed where appropriate. 




Chapter 

V 

k A 

Atoms, Molecules, 
and Crystals 



Matter, the stuff that everything is made of, is formed from atoms. The heart 
of an atom, the nucleus, is composed of protons and neutrons and is surrounded 
by a “cloud” of electrons. 1 For example, consider an atom of the gas helium, 
which consists of two protons, two neutrons, and two electrons (Figure 2-1). 

It may help to visualize the electrons as orbiting the 
nucleus in the same way that the moon orbits the 
earth. In the real world things aren’t this 
simple, but the concept of orbiting 



-ve . 



P = 
N = 
e = 
+ve = 
-ve = 



Proton 
Neutron 
electron 
positive charge 
negative charge 
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electrons serves our purpose here. 

Each proton carries a single 
positive (+ve) charge, and each 
electron carries a single negative /' 

(-ve) charge. The neutrons are \ 
neutral and act like glue, holding 
the nucleus together and resisting 
the natural tendency of 
the protons to repel each other. 

Protons and neutrons are approxi- 
mately the same size, while electrons 
are very much smaller. If a basketball 

were used to represent the nucleus of a helium atom, then, on the same scale, 
softballs could represent the individual protons and neutrons, while large 
garden peas could represent the electrons. In this case, the diameter of an 
electron’s orbit would be approximately equal to the length of 250 American 



Figure 2-1. Helium atom 



1 We now know that protons and neutrons are formed from fundamental particles called quarks, 
of which there are six flavors: up, down, charm, strange, top (or truth), and bottom (or beauty). 
Quarks are so weird that they have been referred to as “The dreams that stuff is made from,” and 
they are way beyond the scope of this book. 
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football fields (excluding the end zones)! Thus, the majority of an atom 
consists of empty space. If all the empty space were removed from the atoms 
that form a camel, it would be possible for the little rascal to pass through the 
eye of a needle! 2,3,4 

The number of protons determines the type of the element; for example, 
hydrogen has one proton, helium two, lithium three, etc. Atoms vary greatly 
in size, from hydrogen with its single proton to those containing hundreds of 
protons. The number of neutrons does not necessarily equal the number of 
protons. There may be several different flavors, or isotopes, of the same element 
differing only in their number of neutrons; for example, hydrogen has three 
isotopes with zero, one, and two neutrons, respectively. 

Left to its own devices, each proton in the nucleus will have a comple- 
mentary electron. If additional electrons are forcibly added to an atom, the 
result is a negative ion of that atom; if electrons are forcibly removed from an 
atom, the result is a positive ion. 

In an atom where each proton is balanced by a complementary electron, 
one would assume that the atom would be stable and content with its own 
company, but things are not always as they seem. Although every electron 
contains the same amount of negative charge, electrons orbit the nucleus at 
different levels known as quantum levels or electron shells. Each electron shell 
requires a specific number of electrons to fill it; the first shell requires two 
electrons, the second requires eight, etc. Thus, although a hydrogen atom 
contains both a proton and an electron and is therefore electrically balanced, 
it is still not completely happy. Given a choice, hydrogen would prefer to 
have a second electron to fill its first electron shell. However, simply adding 
a second electron is not the solution; although the first electron shell would 
now be filled, the extra electron would result in an electrically unbalanced 
negative ion. 

Obviously this is a bit of a poser, but the maker of the universe came up 
with a solution; atoms can use the electrons in their outermost shell to form 



2 I am of course referring to the Bible verse: “It is easier for a camel to go through the eye of a needle, than 
for a rich man to enter the Kingdom of God.” (Mark 10:25). 

3 In fact, the “needle” was a small, man-sized gate located next to the main entrance to Jerusalem. 

4 The author has discovered to his cost that if you call a zoo to ask the cubic volume of the average 
adult camel, they treat you as if you are a complete idiot ... go figure! 
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bonds with other atoms. The atoms share each other’s electrons, thereby 
forming more complex structures. One such structure is called a molecule ; for 
example, two hydrogen atoms (chemical symbol H), each comprising a single 
proton and electron, can bond together and share their electrons to form a 
hydrogen molecule (chemical symbol H 2 ) (Figure 2-2). 



Hydrogen Atom (H) Hydrogen Atom (H) 

-ve 




Hydrogen Molecule (H 2 ) 




Figure 2-2. Two hydrogen atoms bonding to form a hydrogen molecule 

These types of bonds are called valence bonds. The resulting hydrogen 
molecule contains two protons and two electrons from its constituent atoms 
and so remains electrically balanced. However, each atom lends its electron to 
its partner and, at the same time, borrows an electron from its partner. This can 
be compared to two circus jugglers passing objects between each other — the 
quickness of the hand deceives the eye. The electrons are passing backwards 
and forwards between the atoms so quickly that each atom is fooled into 
believing it has two electrons. The first electron shell of each atom appears 
to be completely filled and the hydrogen molecule is therefore stable. 

Even though the hydrogen molecule is the simplest molecule of all, the 
previous illustration demanded a significant amount of time, space, and effort. 
Molecules formed from atoms containing more than a few protons and electrons 
would be well nigh impossible to represent in this manner. A simpler form of 
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H = hydrogen atom 



He 












Figure 2-3. Alternative representation 
of a hydrogen molecule 



representation is therefore employed, 
with two dashed lines indicating 
the sharing of two electrons 
(Figure 2-3). 

Now contrast the case of 
hydrogen with helium. Helium 
atoms each have two protons 
and two electrons and are therefore electrically balanced. Additionally, as 
helium’s two electrons completely fill its first electron shell, this atom is very 
stable. 5 This means that, under normal circumstances, helium atoms do not go 
around casually making molecules with every other atom they meet. 

Molecules can also be formed by combining different types of atoms. An 
oxygen atom (chemical symbol O) contains eight protons and eight electrons. 
Two of the electrons are used to fill the first electron shell, which leaves six 
left over for the second shell. Unfortunately for oxygen, its second shell would 
ideally prefer eight electrons to fill it. Each oxygen atom can therefore form 
two bonds with other atoms — for example, with two hydrogen atoms to form 
a water molecule (chemical symbol H 2 0) (Figure 2-4). (The reason the three 
atoms in the water molecule are not shown as forming a straight line is 
discussed in the section on nanotechnology in Chapter 21.) 

Each hydrogen atom lends its 



H = hydrogen atom 
Ho 0 0 = oxygen atom 




electron to the oxygen atom and at 
the same time borrows an electron 
from the oxygen atom. This leads 
both of the hydrogen atoms to 
believe they have two electrons in 
their first electron shell. Similarly, 
the oxygen atom lends two electrons 
(one to each hydrogen atom) and at 
the same time borrows two electrons 
(one from each hydrogen atom). 



Figure 2-4. Water molecule 



5 Because helium is so stable, it is known as an inert, or noble, gas (the latter appellation presumably 
comes from the fact that helium doesn’t mingle with the commoners <grin>). 
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When the two borrowed electrons are added to the original six in the oxygen 
atom’s second shell, this shell appears to contain the eight electrons necessary to 
fill it. Thus, all the atoms in the water molecule are satisfied with their lot and 
the molecule is stable. 

Structures other than molecules may be formed when atoms bond; for 
example, crystals. Carbon, silicon, and germanium all belong to the same family 
of elements; each has only four electrons in its outermost electron shell. Silicon 
has 14 protons and 14 electrons; two electrons are required to fill the first 
electron shell and eight to fill the second shell; thus, only four remain for the 
third shell, which would ideally prefer eight. Under the appropriate conditions, 
each silicon atom will form bonds with four other silicon atoms, resulting in a 
three-dimensional silicon crystal 6 (Figure 2-5). 

The electrons used to form the bonds in crystalline structures such as silicon 
are tightly bound to their respective atoms. Yet another structure is presented 
by metals such as copper, silver, and gold. Metals have an amorphous crystalline 
structure in which their shared electrons have relatively weak bonds and may 
easily migrate from one atom to another. 

Apart from the fact that atoms 
are the basis of life, the universe, 
and everything as we know it, 
they are also fundamental to the 
operation of the components used 
in electronic designs. Electricity 
may be considered to be vast herds 
of electrons migrating from one 
place to another, while electronics 
is the science of controlling these 
herds: starting them, stopping them, 
deciding where they can roam, and 
determining what they are going to 

i i i i Figure 2-5. Simplified (two-dimensional) 

o w en ey ge ere. representation of the three-dimensional 

structure of crystalline silicon 
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6 An equivalent structure formed from carbon atoms is known as diamond. 
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Conductors and Insulators; 
Voltage , Current, Resistance, 
Capacitance, and Inductance 



crystalline structures are relatively weak, and the bonding electrons can easily 
migrate from one atom to another. If a piece of copper wire is used to connect 
a source with an excess of electrons to a target with too few electrons, the wire 
will conduct electrons between them (Figure 3-1). 



If we consider electricity to be the migration of electrons from one place to 
another, then we may also say that it flows from the more negative source to 
the more positive target. As an electron jumps from the negative source into 
the wire, it pushes the nearest electron in the wire out of the way. This electron 
pushes another in turn, and the effect ripples down the wire until an electron 
at the far end of the wire is ejected into the more positive target. When an 
electron arrives in the positive target, it neutralizes one of the positive charges. 

An individual electron will take a surprisingly long time to migrate from 
one end of the wire to the other; however, the time between an electron 



A substance that conducts electricity easily is called a conductor. Metals 
such as copper are very good conductors because the bonds in their amorphous 




Conducting source 
with excess electrons 



Conducting target 
depleted of electrons 



Figure 3-1. Electrons flowing through a copper wire 
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entering one end of the wire and causing an equivalent electron to be ejected 
from the other end is extremely fast. 1 

As opposed to a conductor, a substance which does not conduct electricity 
easily is called an insulator. Materials such as rubber are very good insulators 
because the electrons used to form bonds are tightly bound to their respective 
atoms. 2 

Voltage, Current, and Resistance 

One measure of whether a substance is a conductor or an insulator is how 
much it resists the flow of electricity. Imagine a tank of water to which two 
pipes are connected at different heights; the water ejected from the pipes is 
caught in two buckets A and 3 (Figure 3-2). 




Figure 3-2. Water tank representation of voltage, 
current, and resistance 



1 For a copper wire isolated in a vacuum, the speed of a signal propagating through the wire is only 
fractionally less than the speed of light. However, the speed of a signal is modified by a variety of 
factors, including any materials surrounding or near the conductor. Signal speeds in electronic 
circuits vary, but are typically in the vicinity of half the speed of light. 

2 In reality, everything conducts if presented with a sufficiently powerful electric potential. For 
example, if you don a pair of rubber boots and then fly a kite in a thunderstorm, your rubber boots 
won’t save you when the lightning comes racing down the kite string! (Bearing in mind that 
litigation is a national sport in America, do NOT try this at home unless you are a professional.) 




